The mining of shallow buried and thick coal seams may cause ground settlement, loss of surface water, and even soil desertification in arid-semi-arid climate zones. The key to protecting surface water resources through the technology of separated strata grouting is to study the evolution of the separation space under the key stratum (KS) with the change of strata. Aiming at the section of underground strata characteristics of F6202 and F6208 working faces, similar simulation tests under three typical geological conditions were carried out. Based on the experimental results, a theoretical calculation model was established, and the practice of separation grouting was carried out. The results show that, under the conditions of a thick coal seam with one KS, the structure formed by breaking strata below the KS was relatively unstable, and the separation space was relatively large, which is likely to cause serious ground settlement. More seriously, with the increase of the weakly consolidated layer and coal seam thickness, the increase of the ratio of rock to soil in the weakly consolidated layer, and the decrease of the thickness of the strata below the KS (two KS condition), the separation space was further increased. Based on the above analysis, combined with the real-time feedback data of the grout amount and pressure on hydraulic support, the position of the grouting borehole was determined, and the speed of mining advance was adjusted in time, thus effectively controlling the curvature of the ground settlement, protecting the integrity of the red clay layer near the surface, and consequently protecting water resources.
Introduction
Surface water resource protection is of great significance to prevent desertification. In fact, land desertification is a major global ecological problem that affects one-fifth of the world's population and one-third of the land [1] . In China, desertification land is distributed in 30 out of 34 provinces, making it one of the most severely desertified countries in the world. In particular, in the coal-producing area in northwest China, with an arid or semi-arid climate zone, surface water resources will be China [21] , there is great impact on the surface water resources during the mining process in the Zhungeer coalfield due to it being adjacent to the Kubuqi and Maowusu desert (Figure 1 ). In particular, in the Buliangou mine located in the northern part of the coalfield, the ecological environment is more fragile, and the geological structure is more complex.
Overview of Buliangou Mine
The location of Buliangou mine is shown in Figure 1 , covering an area of 33.2 km 2 , with coal reserves of 1.09 billion tons. The surface of the mining area is covered by loess and aeolian sand. The altitude is 1127-1346 m, which gradually decreases from southwest to northeast. The Yellow River and several other rivers are distributed in the mine field or in the vicinity. In natural conditions, the above surface water level will change due to rainfall. However, due to the presence of red clay (Figure 2 ), the water level does not change much. These water sources can ensure the growth of plants, which is of great significance for preventing soil desertification. Therefore, protection of the integrity of the red-clay layer in the mining process is the focus of this article. The Buliangou mine belongs to the Carboniferous and Permian coal fields. It is located in the northern part of the coal-rich depression in north China. The ancient geologic environment is close to the continental margin of Inner Mongolia. The Late Carboniferous paleogeographic environment was a delta alluvial plain, and the crust subsidence and the peat swamp accumulation maintained balance for a long time; therefore, the coal seam of the Taiyuan formation is very thick. However, the early Permian paleogeographic environment turned into a piedmont alluvial plain, and the peat swamp phase ended. Thus, the coal seam is smaller in the Shanxi formation. Only one earthquake occurred in history (1976) , with a magnitude of 6.3, the epicenter of which was about 100 km away from the coal mine, and it did not have a significant impact on the study area. Figure 2 shows the longitudinal section of the F6202 and F6208 working faces (the position of the section line is shown in Figure 1 ). From top to bottom, the coal seam roof mainly includes a sand layer, red clay, sandstone and mudstone interbeds, a thick sandstone layer with strong strength (i.e., KS), and a thin fine sandstone layer and mudstone layer with less strength (i.e., immediate roof). The main mineable coal seam is 6 coal which belongs to the Carboniferous era, and its thickness is 5.6-16 m. The main KS and the inferior KS in the coal seam roof is thick and it belongs to the type of 
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The Buliangou mine belongs to the Carboniferous and Permian coal fields. It is located in the northern part of the coal-rich depression in north China. The ancient geologic environment is close to the continental margin of Inner Mongolia. The Late Carboniferous paleogeographic environment was a delta alluvial plain, and the crust subsidence and the peat swamp accumulation maintained balance for a long time; therefore, the coal seam of the Taiyuan formation is very thick. However, the early Permian paleogeographic environment turned into a piedmont alluvial plain, and the peat swamp phase ended. Thus, the coal seam is smaller in the Shanxi formation. Only one earthquake occurred in history (1976) , with a magnitude of 6.3, the epicenter of which was about 100 km away from the coal mine, and it did not have a significant impact on the study area. Figure 2 shows the longitudinal section of the F6202 and F6208 working faces (the position of the section line is shown in Figure 1 ). From top to bottom, the coal seam roof mainly includes a sand layer, red clay, sandstone and mudstone interbeds, a thick sandstone layer with strong strength Sustainability 2018, 10, 4634 4 of 16 (i.e., KS), and a thin fine sandstone layer and mudstone layer with less strength (i.e., immediate roof). The main mineable coal seam is 6 coal which belongs to the Carboniferous era, and its thickness is 5.6-16 m. The main KS and the inferior KS in the coal seam roof is thick and it belongs to the type of terrigenous alluvial plain dominated by continental facies [22] . Such geological conditions mean that the mechanical strength of the KS is high; however, once the KS breaks, it will cause large-scale ground settlement, and destroy the integrity of the red-clay layer. More seriously, the thickness and distribution of the coal seam and rock strata in the immediate roof and weakly consolidated strata are variable (Figure 2) , which leads to the irregularity of the overlying strata movement and ground settlement. terrigenous alluvial plain dominated by continental facies [22] . Such geological conditions mean that the mechanical strength of the KS is high; however, once the KS breaks, it will cause large-scale ground settlement, and destroy the integrity of the red-clay layer. More seriously, the thickness and distribution of the coal seam and rock strata in the immediate roof and weakly consolidated strata are variable (Figure 2 ), which leads to the irregularity of the overlying strata movement and ground settlement. The F6202 and F6208 working faces were selected as the study areas. The two faces penetrate the entire mine from east to west (Figure 1) , and the diversified rock distribution conditions can represent the entire mine well. In order to facilitate similar simulation tests (see Section 3.1) and theoretical calculations (see Section 3.2) to study the mining influence on roof strata, the study area was divided into three parts according to the distribution characteristics of KS (the distinguishing method is shown in Section 3.2): a thick coal seam with two KS, a thick coal seam with one KS, and a thin coal seam with one KS. It should be noted that coal more than 5 m thick belongs to the classification of thick coal seam, while the "thin coal seam" mentioned in this article is only relatively speaking, because the thinnest coal seam thickness is 5.6m.
Mining Consequences in F6102 Working Face
The consequences of coal seam excavation without protecting the KS are shocking. Taking the F6102 working face as an example (Figure 1 ), when the distance between the coal mining face and the cutting cut was 65 m, a square collapse pit appeared and gradually expanded into a circle with a diameter of 250 m and a depth of 15 m. In addition, with the mining advance, a more obvious step subsidence appeared on the surface, as shown in Figure 3 . Complex geological factors are the fundamental causes for the formation of collapse pits according to Section 3. In the case of a thick coal seam with one KS, the separation space below the KS is large during the mining process, and the structure formed by breaking strata is not stable. Once the KS is broken, further instability of the structure will occur, which will lead to large-scale surface collapse.
Obviously, such surface deformation will destroy the integrity of red clay and bring about enormous ecological problems. This severe ground settlement is unacceptable for the F6202 and F6208 faces, as they both have mainstreams on the surface. The destruction of the red-clay layer will lead to coal mine water inrush accidents, and cause a drop in surface water levels. Separation grouting technology is an efficient and low-cost rock formation control technology; however, before using this method, we need to study the law of overlying strata under different strata distribution conditions.
The basic geological conditions of the study area are as follows: the average mining depth is 355 m, the coal seam thickness is 5.2-15.3 m, and the inclination angle is 0-7°. The long-wall retreat-type comprehensive mechanized caving method is used in each working face, and the length in the strike The F6202 and F6208 working faces were selected as the study areas. The two faces penetrate the entire mine from east to west (Figure 1) , and the diversified rock distribution conditions can represent the entire mine well. In order to facilitate similar simulation tests (see Section 3.1) and theoretical calculations (see Section 3.2) to study the mining influence on roof strata, the study area was divided into three parts according to the distribution characteristics of KS (the distinguishing method is shown in Section 3.2): a thick coal seam with two KS, a thick coal seam with one KS, and a thin coal seam with one KS. It should be noted that coal more than 5 m thick belongs to the classification of thick coal seam, while the "thin coal seam" mentioned in this article is only relatively speaking, because the thinnest coal seam thickness is 5.6 m.
Obviously, such surface deformation will destroy the integrity of red clay and bring about enormous ecological problems. This severe ground settlement is unacceptable for the F6202 and F6208 faces, as they both have mainstreams on the surface. The destruction of the red-clay layer will lead to coal mine water inrush accidents, and cause a drop in surface water levels. Separation grouting technology is an efficient and low-cost rock formation control technology; however, before using this method, we need to study the law of overlying strata under different strata distribution conditions. 
Methods
Under the different thickness of coal seam, rock strata, and weakly consolidated strata, the movement of strata in the immediate roof and the range of separation space show different evolution rules. The uncertainty of the above rules will bring great challenges to the practice of separated strata grouting. Therefore, we applied similar simulation tests and theoretical calculations with good intuitiveness and reproducibility to analyze the overburden strata movement and range of separation space under the condition of varying thicknesses of strata.
Similar Simulation Tests
The use of similar simulation tests is widely applied to studying overburden movement during mining advances because of good visibility and repeatability. The basic method involves the use of some artificial material (single or mixed material) before establishing a similar model according to the similarity principle [23] and the parameters of the prototype (or the actual engineering geological conditions). The size of the similar model is mainly limited by the experimental equipment. The thickness of each rock stratum or coal seam in the model down-scales the size of the prototype. By observing the breaking form of the strata and the range of separation space on the similar model, we can deduce the law of overlying strata movement that may occur in the prototype.
Considering that the height of the experimental equipment was 140 cm and the mining depth was about 250 m (Point C in Figure 2 ), the similarity ratios could be determined as follows: (1) geometric similarity ratio, 1:200; (2) bulk density similarity ratio, 1:1.5; (3) stress and strength similarity ratio, 1:300; and (4) time similarity ratio, 1:200 1/2 . Materials such as river sand, gypsum, and calcium carbonate were chosen to simulate sedimentary rocks. Materials such as river sand, Vaseline, and loess were chosen to simulate red clay. Flaky mica was selected as a layered material between rock layers. According to the above ratio and mechanical parameters of roof strata determined from drilling data, the mix proportion of various materials could be reversed based on the relevant literature [23] [24] [25] [26] . The results are shown in Table 1 . 
Methods
Similar Simulation Tests
Considering that the height of the experimental equipment was 140 cm and the mining depth was about 250 m (Point C in Figure 2 ), the similarity ratios could be determined as follows: (1) geometric similarity ratio, 1:200; (2) bulk density similarity ratio, 1:1.5; (3) stress and strength similarity ratio, 1:300; and (4) time similarity ratio, 1:200 1/2 . Materials such as river sand, gypsum, and calcium carbonate were chosen to simulate sedimentary rocks. Materials such as river sand, Vaseline, and loess were chosen to simulate red clay. Flaky mica was selected as a layered material between rock layers. According to the above ratio and mechanical parameters of roof strata determined from drilling data, the mix proportion of various materials could be reversed based on the relevant literature [23] [24] [25] [26] . The results are shown in Table 1 . According to the three typical geological conditions (points A, B, and C shown in Figure 2 ), three similar models were established. In the process of the tests, the coal seam was excavated from 20 cm to the left boundary, and then advanced from left to right with a speed of 10 cm/h. As mentioned above, the range of the separation space has a great impact on the separated strata grouting; therefore, the test results of the distance of mining face at L 1 = 60-70 cm were selected for analysis, as shown in Figure 4 . At this time, the range of separation space reached its maximum. The structure formed by broken strata in the immediate roof and the range of the separation space below the KS (s and d in Figure 4 ) are analyzed next. According to the three typical geological conditions (points A, B, and C shown in Figure 2 ), three similar models were established. In the process of the tests, the coal seam was excavated from 20 cm to the left boundary, and then advanced from left to right with a speed of 10 cm/h. As mentioned above, the range of the separation space has a great impact on the separated strata grouting; therefore, the test results of the distance of mining face at L1 = 60-70 cm were selected for analysis, as shown in Figure 4 . At this time, the range of separation space reached its maximum. The structure formed by broken strata in the immediate roof and the range of the separation space below The structure formed by broken strata in the immediate roof determined the range of the separation space. At the same time, the structure was also the basis of theoretical calculation. However, the type of structure strongly depends on the number of KS, and the thickness of the strata and coal seam.
For the thin coal seam with one KS (Figure 4a ), the roof did not collapse until L 1 = 25 cm. At this time, the middle part of the strata near the coal seam was bent and vertical cracks appeared, while inclined fissures inclined to the goaf appeared at both ends of rock strata. With the mining advance, the immediate roof collapsed, and then formed a loose rubble pile (L 1 = 60 cm). At this time, a cantilever beam was formed at the edge of the goaf and supported the left end of the broken rock strata below the KS, while its right end was supported by the rubble pile, forming a classic "voussoir beam" structure [8] .
In contrast, under thick coal seam conditions, stable structures could not formed at the outset. For the thick coal seam with one KS (Figure 4b ), when 20 cm < L 1 < 40 cm, roof caving was similar to that of the thin coal seam condition. However, as the coal seam was too thick, the height of the rubble pile in the goaf was too small to form a stable structure. With the mining advance, the thick rock stratum in the upper part of the immediate roof collapsed. At this time, the cantilever beam ("1" in Figure 4b ) gradually extended to the goaf, which meant that the span of the thick rock beam was small. Additionally, the rubble pile at the lower part of the rock beam was further broken; finally, a new structure of "high-position cantilever beam/simply supported beam" was formed.
For the case of the thick coal seam with two KS, a composite structure (Figure 4c ) similar to that of Figure 4b was formed. However, this structure was more stable due to the expansion of the broken effect caused by the breaking of inferior key strata.
Range of Strata Separation under the KS
The range of the separation space under the KS (i.e., parameters d and s in Figure 4) will have a significant impact on the stability of the KS. For the horizontal range of the separation space (i.e., s in Figure 4 ), it can be determined from two envelope curves: (1) at the left boundary, the separation space is always within a 79 • oblique line regardless of the thickness of the coal seam; (2) at the right boundary, under the condition of a thin coal seam, the separation space is within a 60 • oblique line, while the separation space is within an 84 • oblique line in the thick coal seam conditions (Figure 4) . Figure 5 reflects the relationship between the vertical range of the separation space (i.e., d in Figure 4 ) and the distance of the mining advance (i.e., L 1 in Figure 4) . Two results could be obtained. Firstly, the value of d is closely related to geological conditions. Comparing the three curves, we know that d initially increased and then decreased with the increase of L 1 under the three geological conditions. However, the maximum d (d max = 2.2 cm) under thin coal seam conditions was much smaller than that under thick seam conditions. Furthermore, the maximum d (d max = 5.8 cm) under thick seam conditions with two KS was smaller than that under one KS condition (d max = 7.9 cm). Secondly, the starting position of the separation space (L 1s ) and the position of the d max (L 1m ) are also affected by geological factors. Under the condition of a thick coal seam with one KS, the starting position of the separation space (L 1s = 40 cm) was smaller than that of the other two geological conditions (L 1s = 50 cm). At the same time, L 1m = 55 cm under the condition of the thick coal seam with one KS was smaller than that in the other two geological conditions (L 1m ≈ 60 cm). The above two laws show that, under the geological conditions of a thick coal seam with one KS, special attention should be paid to the timing of the separation grouting operation. 
Theoretical Calculations
The evolutionary law of separation space under three typical geological conditions (Points A, B, and C in Figure 2 ) could be obtained using similar simulation tests. However, a few experiments were obviously insufficient for diversified formation thickness. Therefore, theoretical calculation was necessary.
Equations for Geometric Parameters of Separation Space
The geometric parameters of separation space include two aspects. The first is the vertical position (h0 in Figure 6 ) of separation space; the grouting layer is located below the KS, as described above. Therefore, the essence of this problem is to determine the location of the KS. The second is the range of separation space. The horizontal and vertical ranges are closely related to the breaking form of the immediate roof strata and the breaking span of the KS, and these parameters can be obtained from the block mechanics.
Based on the three hypotheses, including the horizontal distribution of strata, and the uniform and isotropic rock masses, and ignoring tectonic stress, we established the analytical model shown in Figure 6 combined the similar simulation results. The geometric parameters (h0, s, and d) of separation space could be obtained using the three steps below. (1) The KS can be determined by analyzing the stiffness and strength of each rock stratum from bottom to top. As shown in Figure 6a , if the deflection of the stratum (labeled "j") is less than that of the lower strata (labeled "1~j − 1"), upon controlling the deformation of its upper strata (labeled "j + 1~m"), then the stratum "j" can be generally judged as the KS. At this time, the weight of "i + 1~j" strata acting on stratum "i" (i.e., () j i q ) will be less than that of "i + 1~j − 1" strata acting on stratum "i" 
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Equations for Geometric Parameters of Separation Space
Based on the three hypotheses, including the horizontal distribution of strata, and the uniform and isotropic rock masses, and ignoring tectonic stress, we established the analytical model shown in Figure 6 combined the similar simulation results. The geometric parameters (h0, s, and d) of separation space could be obtained using the three steps below. (1) The KS can be determined by analyzing the stiffness and strength of each rock stratum from bottom to top. As shown in Figure 6a , if the deflection of the stratum (labeled "j") is less than that of the lower strata (labeled "1~j − 1"), upon controlling the deformation of its upper strata (labeled "j + 1~m"), then the stratum "j" can be generally judged as the KS. At this time, the weight of "i + 1~j" strata acting on stratum "i" (i.e., () j i q ) will be less than that of "i + 1~j − 1" strata acting on stratum "i" (i.e., ( -1)
). The mathematical expression is as follows [27] : Based on the three hypotheses, including the horizontal distribution of strata, and the uniform and isotropic rock masses, and ignoring tectonic stress, we established the analytical model shown in Figure 6 combined the similar simulation results. The geometric parameters (h 0 , s, and d) of separation space could be obtained using the three steps below.
(1) The KS can be determined by analyzing the stiffness and strength of each rock stratum from bottom to top. As shown in Figure 6a , if the deflection of the stratum (labeled "j") is less than that of the lower strata (labeled "1~j − 1"), upon controlling the deformation of its upper strata (labeled "j + 1~m"), then the stratum "j" can be generally judged as the KS. At this time, the weight of Sustainability 2018, 10, 4634 9 of 16 "i + 1~j" strata acting on stratum "i" (i.e., q (j) i ) will be less than that of "i + 1~j − 1" strata acting on stratum "i" (i.e., q (j−1) i ). The mathematical expression is as follows [27] :
where q
Here, m is the total number of strata, h i is the thickness of each stratum (m), γ i is bulk force (N/m 2 ) when the width of the rock beam is 1 m), E i is the elastic modulus (Pa), and q j is the self-weight of the "j + 1" stratum (N/m).
In addition to Equation (1), the KS also needs to meet the following strength conditions:
where s j , s j−1 , s j−2 , and s j−3 are the initial breaking spans of rock stratum of j, j -1, and j − 2.
The expression indicates that the breaking span of the KS is larger than that of other strata below the KS.
(2) The range of separation space in the horizontal direction is affected by the breaking span of the KS. According to the similar simulation test results (Section 3.1), we know that the breaking process of rock strata is from a fixed-fixed beam into a simply supported beam; thus, Equation (2) can be used to calculate s i .
where σ Ti is the tensile strength of stratum "i" (Pa).
The range of separation space in the vertical direction (i.e., d in Figure 4 ) can be obtained using the method described here. The calculation model shown in Figure 6 is applicable to the three typical geological conditions shown in Figure 2 . Considering that the geological conditions of the "thick coal seam with two KS" are more widely distributed in the study area, this article takes this geological condition as an example for the analysis. For the case of one KS, the results can be obtained by reducing the load on the KS, because the mining depth in the area with one KS is lower than that in the area with two KS.
Assuming that the gangue below the rock mass 2 is compacted, d can be obtained using the following geometric relationship:
where h n (n = 1-5) represents the thickness of strata where the rock n is located (m), h c is the thickness of the coal seam, and c f is the coefficient of thermal expansion. The relationship between c f and h 0 (h 0 = h 1 + h 4 + h 5 ) can be obtained from field-measured data, c f = 1.30655h −0.058745 (one KS condition), and c f = 1.30655h −0.046742 (two KS condition). Thus, the range of the separation in the vertical direction can be obtained.
Evolutionary Law of Separation Range
Relatively speaking, the distribution of the KS is relatively stable on the whole, and the change in range of the thickness of inferior KS is less than 2 m, while that of the main KS is less than 3 m in the area of two KS shown in Figure 2 . This means that h 0 (Figure 6 ) is deterministic. However, the thickness variations of the coal seam (5.6-16 m), the strata (12-78 m) below the KS, and the loose layer (30-208 m) are large. That is to say, s and d (Figure 4 ) will change along with the changes of these parameters, and their evolutions can be calculated using Equations (1) to (5) and the engineering parameters shown in Table 1 ; the results are shown below. Figure 7 shows the evolutionary law of s with R h and h L under the different numbers of KS. In general, s is greatly affected by h L and R h . In the case of one KS, when R h increases from 0.1 to 10 (i.e., the rock thickness increases and the soil thickness decreases), Figure 8 increased, which means that the larger the thickness of the immediate roof is, the more sensitive the vertical separation range will be with the thickness of the coal seam. 
(1) 
Grouting Scheme, Results, and Discussion
The basic principle of the separated strata grouting technology is that the main separation space is formed below the KS during mining advance. The filling material is injected into the space through surface drillings to provide support for the KS (Figure 4) , thus ensuring the integrity of the KS and reducing ground settlement. Based on the parameters of the location and size of the separation space (Section 3), we implemented the separated strata grouting and corrected the grouting parameters according to the on-site data monitoring.
Practice and Results of Separated Strata Grouting
Considering that the overburden strata movement is the most intense under the geological conditions of thick coal seam with one KS (Figure 4) , we took the range of 0 m < L 1 < 200 m in the F6202 working face as a test section to verify the effect of separated strata grouting.
Based on the results of Section 3 and the practice of separated strata grouting under similar engineering geological conditions [28] , the grouting parameters can be defined according to the following methods: the grouting layers are located below the KS, and the grouting boreholes are generally located near the maximum breaking span of the KS. The horizontal range of the separation space (s) can be obtained from the fitting equation shown in Figure 7 . Combining the above s data and the results of the separation space position shown in Figure 4 , the distance from the grouting borehole to the starting cut can be obtained (marked L 1 '). The location of grouting boreholes needs to be adjusted according to specific geological conditions, such as the thickness of weakly consolidated strata and the thickness ratio of rock to soil in the weakly consolidated layer. The grouting parameters are shown in Table 2 . Table 2 . Parameters of separated strata grouting.
Drilling Position
Grouting Pressure Grouting Material In addition to the above grouting parameters, the data of the pressure on hydraulic support (pressure acting on hydraulic support due to rock pressure) and grout amount are also needed to adjust the speed of mining advance in time to ensure that the cavity in the separation space is fully filled. The curves of the above two parameters along with the mining advance are shown in Figures 9  and 10 . Figure 9 shows that the separated grouting operation can greatly reduce the peak pressure on the hydraulic support (from 56 MPa to 43 MPa) and delay the generation of peak pressure (L1 increased from 74 m to 86 m). This result is basically consistent with the drilling location shown in Table 2 , which shows the rationality of drilling arrangement. Figure 10 shows that the position of working face has great influence on grout amount. Taking the data of NO. 1 drilling as an example, when L1 = 40 m, the grout amount began increasing rapidly. With the immediate roof collapsing section by section, the grout amount rose step by step. When L1 = 80 m, the grout amount increased fastest. When 80 m< L1 < 130 m, the grouting rate gradually decreased and reached its peak at L1 = 130 m. Thereafter, with the flexural deformation of the KS, the grout amount of the NO. 1 borehole began decreasing. However, with the continued collapse of the adjacent roof, the grout amount of the NO. 1 grouting hole picked up again.
According to the data shown in Figures 9 and 10 , when L1 = 98 m, the pressure of hydraulic support increased rapidly, and the grout amount also increased. This phenomenon shows that, when the rock pressure is obvious, the slurry is not full of the separation space; thus, the overlying strata will have a significant impact on the KS. According to the results of similar simulation tests, the periodic collapse span of the KS was about 20 m (horizontal direction), and the maximum grout amount occurred at L1 = 125 m. Therefore, the advancing speed of the working face was reduced Figure 9 shows that the separated grouting operation can greatly reduce the peak pressure on the hydraulic support (from 56 MPa to 43 MPa) and delay the generation of peak pressure (L1 increased from 74 m to 86 m). This result is basically consistent with the drilling location shown in Table 2 , which shows the rationality of drilling arrangement. Figure 10 shows that the position of working face has great influence on grout amount. Taking the data of NO. 1 drilling as an example, when L1 = 40 m, the grout amount began increasing rapidly. With the immediate roof collapsing section by section, the grout amount rose step by step. When L1 = 80 m, the grout amount increased fastest. When 80 m< L1 < 130 m, the grouting rate gradually decreased and reached its peak at L1 = 130 m. Thereafter, with the flexural deformation of the KS, the grout amount of the NO. 1 borehole began decreasing. However, with the continued collapse of the adjacent roof, the grout amount of the NO. 1 grouting hole picked up again.
According to the data shown in Figures 9 and 10 , when L1 = 98 m, the pressure of hydraulic support increased rapidly, and the grout amount also increased. This phenomenon shows that, when the rock pressure is obvious, the slurry is not full of the separation space; thus, the overlying strata will have a significant impact on the KS. According to the results of similar simulation tests, the periodic collapse span of the KS was about 20 m (horizontal direction), and the maximum grout amount occurred at L1 = 125 m. Therefore, the advancing speed of the working face was reduced Figure 9 shows that the separated grouting operation can greatly reduce the peak pressure on the hydraulic support (from 56 MPa to 43 MPa) and delay the generation of peak pressure (L 1 increased from 74 m to 86 m). This result is basically consistent with the drilling location shown in Table 2 , which shows the rationality of drilling arrangement. Figure 10 shows that the position of working face has great influence on grout amount. Taking the data of NO. 1 drilling as an example, when L 1 = 40 m, the grout amount began increasing rapidly. With the immediate roof collapsing section by section, the grout amount rose step by step. When L 1 = 80 m, the grout amount increased fastest. When 80 m < L 1 < 130 m, the grouting rate gradually decreased and reached its peak at L 1 = 130 m. Thereafter, with the flexural deformation of the KS, the grout amount of the NO. 1 borehole began decreasing. However, with the continued collapse of the adjacent roof, the grout amount of the NO. 1 grouting hole picked up again.
According to the data shown in Figures 9 and 10 , when L 1 = 98 m, the pressure of hydraulic support increased rapidly, and the grout amount also increased. This phenomenon shows that, when the rock pressure is obvious, the slurry is not full of the separation space; thus, the overlying strata will have a significant impact on the KS. According to the results of similar simulation tests, the periodic collapse span of the KS was about 20 m (horizontal direction), and the maximum grout amount occurred at L 1 = 125 m. Therefore, the advancing speed of the working face was reduced from 4 m/d to 3.2 m/d to ensure that the separation space was filled with grout. The speed was adjusted according to the real-time feedback data of Figures 9 and 10 , and the results of surface subsidence reduction are shown in Figure 11 . Figure 11 . Figure 11 . The results of separated strata grouting. Figure 11 shows that the KS is supported by the stone body after grout solidification, making the structure formed by the broken strata more stable. Therefore, the absolute value and curvature of ground settlement will be more relaxed. In fact, the observation data of surface movement show that the ground settlement of the grouting working face was about 52% of that of non-grouting face, while the surface deformation curvature of the former was only 6.7% of that of the latter (Figure 11) . The above data indicate that the ground settlement sunk as a whole, but the integrity of the red-clay layer was largely maintained. The above analysis shows that the grouting parameters shown in Table 2 can meet the requirements of protecting surface water resources.
Discussion
In this article, separated strata grouting technology was used in Buliangou mine located in arid or semi-arid areas to prevent surface water loss and soil desertification. As a key factor in the success of grouting, the evolutionary laws of separation space under complicated geological conditions are obtained using a series of methods, including similar simulation tests, theoretical calculations, and monitoring of pressure on hydraulic support and grouting amount in the process of in situ tests. The test results demonstrate that the number of KS, the proportion of rock in loose strata, and the thickness of the coal seam, immediate roof, and loose bed will have a significant impact on the size and location of separation space, thereby influencing the effect of grouting. This finding is significant because it clearly shows the geological conditions in the event of maximum uneven settlement (Figure 3) , including one KS, thick coal seam, thin immediate roof, thick loose bed, and large proportion of rock in loose bed. At this time, the separation space is the largest, and the KS without support will break and affect the integrity of red clay after large-scale collapse, resulting in the loss of surface water resources. To our knowledge, the range evolution of the separation space is proposed herein for the first time considering the strata distribution. In the case of deep-buried and thin coal seams, the continuum mechanics method was used previously for predicting the stress, deformation, and fracture properties of the KS when the strata are uniformly distributed [6, 7, 9, 29] . However, the grouting parameters of Buliangou mine cannot be concluded from that approach because it was conducted with a lack of consideration of the research object (many articles regard the KS as the research object rather than the separation space) [8] , a lack of consideration of the continuum mechanics method not being suitable for broken strata [11] , a lack of consideration of strata distribution, and especially a lack of consideration of the number of KS [30] . On the other hand, the methods shown in this article, including similar simulation tests with three typical geological Figure 11 shows that the KS is supported by the stone body after grout solidification, making the structure formed by the broken strata more stable. Therefore, the absolute value and curvature of ground settlement will be more relaxed. In fact, the observation data of surface movement show that the ground settlement of the grouting working face was about 52% of that of non-grouting face, while the surface deformation curvature of the former was only 6.7% of that of the latter (Figure 11) . The above data indicate that the ground settlement sunk as a whole, but the integrity of the red-clay layer was largely maintained. The above analysis shows that the grouting parameters shown in Table 2 can meet the requirements of protecting surface water resources.
In this article, separated strata grouting technology was used in Buliangou mine located in arid or semi-arid areas to prevent surface water loss and soil desertification. As a key factor in the success of grouting, the evolutionary laws of separation space under complicated geological conditions are obtained using a series of methods, including similar simulation tests, theoretical calculations, and monitoring of pressure on hydraulic support and grouting amount in the process of in situ tests. The test results demonstrate that the number of KS, the proportion of rock in loose strata, and the thickness of the coal seam, immediate roof, and loose bed will have a significant impact on the size and location of separation space, thereby influencing the effect of grouting. This finding is significant because it clearly shows the geological conditions in the event of maximum uneven settlement (Figure 3) , including one KS, thick coal seam, thin immediate roof, thick loose bed, and large proportion of rock in loose bed. At this time, the separation space is the largest, and the KS without support will break and affect the integrity of red clay after large-scale collapse, resulting in the loss of surface water resources. To our knowledge, the range evolution of the separation space is proposed herein for the first time considering the strata distribution. In the case of deep-buried and thin coal seams, the continuum mechanics method was used previously for predicting the stress, deformation, and fracture properties of the KS when the strata are uniformly distributed [6, 7, 9, 29] . However, the grouting parameters of Buliangou mine cannot be concluded from that approach because it was conducted with a lack of consideration of the research object (many articles regard the KS as the research object rather than the separation space) [8] , a lack of consideration of the continuum mechanics method not being suitable for broken strata [11] , a lack of consideration of strata distribution, and especially a lack of consideration of the number of KS [30] . On the other hand, the methods shown in this article, including similar simulation tests with three typical geological conditions, and theoretical calculations based on a new model with various strata thickness conditions, make the results more meaningful.
To date, most researchers used "backfill mining" or "strip mining" for reducing the absolute value of ground settlement [31, 32] . However, the disadvantages of high cost, complex filling process, or low recovery ratio make these technologies not the best option. Although a layer separation method aimed at reducing the absolute value of ground settlement was reported in a previous study [28] , the influence of the variation of the strata thickness on the separation space or on the grouting parameters was still not considered. Based on similar simulation tests and theoretical analysis data, separated strata grouting technology considering complex geological conditions was adopted herein. The grouting parameters were adjusted in time based on feedback from the in situ test, such that the relative value (or curvature) of ground settlement was significantly reduced. Through the above method, we protected the integrity of the red-clay layer under complex geological conditions (Figure 12) , thereby protecting the surface water resources. conditions, and theoretical calculations based on a new model with various strata thickness conditions, make the results more meaningful.
To date, most researchers used "backfill mining" or "strip mining" for reducing the absolute value of ground settlement [31, 32] . However, the disadvantages of high cost, complex filling process, or low recovery ratio make these technologies not the best option. Although a layer separation method aimed at reducing the absolute value of ground settlement was reported in a previous study [28] , the influence of the variation of the strata thickness on the separation space or on the grouting parameters was still not considered. Based on similar simulation tests and theoretical analysis data, separated strata grouting technology considering complex geological conditions was adopted herein. The grouting parameters were adjusted in time based on feedback from the in situ test, such that the relative value (or curvature) of ground settlement was significantly reduced. Through the above method, we protected the integrity of the red-clay layer under complex geological conditions ( Figure  12 ), thereby protecting the surface water resources. 
Conclusions
The main conclusions drawn from the investigations are summarized as follows: (1) The number of KS has a significant impact on the structure of the broken strata under the KS. Under the mining influence, the broken strata form a stable "voussoir beam" structure in the case of a thin coal seam with one KS. In case of a thick coal seam, the broken strata form an unstable structure of "high position cantilever beam/simply supported beam". Once the KS breaks, the structure will further destabilize, leading to the occurrence of surface collapse pits, especially for one KS condition.
(2) The strata distribution plays a crucial role in the range of separation space. Regardless of the number of KS (one or two), the horizontal range of the space decreases with the increase of the loose layer thickness, or the increase of thickness ratio of rock to soil in the loose layer. The vertical range of the space increases with the increase of coal seam thickness, initially decreases and then increases with the increase of the strata thickness below the KS in one KS condition, and decreases with the increase of the strata thickness below the KS in two KS condition.
(3) The data from the in situ test are important for determining grouting parameters. Through the real-time feedback data of the grout amount and pressure on hydraulic support, the location of the drilling hole was determined, and the speed of mining advance was adjusted in time. The grouting practice showed that the curvature of ground settlement was effectively controlled, which protects the integrity of the red-clay layer and, thus, protects the surface water resources. 
